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Abstract'24! The! pathogenicity! of! Clostridium# difficile! is! linked! to! its! ability! to! produce! two! toxins:!25! TcdA!and!TcdB.!The!level!of!toxin!synthesis!is!influenced!by!environmental!signals,!such!26! as!PTS!sugars,!biotin!and!amino!acids,!especially!cysteine.!To!understand!the!molecular!27! mechanisms!of!cysteine?dependent!repression!of!toxin!production,!we!reconstructed!the!28! sulfur!metabolism!pathways!of!C.#difficile!strain!630!in#silico!and!validated!some!of!them!29! by! testing! C.# difficile! growth! in! the! presence! of! various! sulfur! sources.! High! levels! of!30! sulfide!and!pyruvate!were!produced! in! the!presence!of!10!mM!cysteine,! indicating! that!31! cysteine! is! actively! catabolized! by! cysteine! desulfhydrases.! Using! a! transcriptomic!32! approach,!we!analyzed!cysteine?dependent! control!of! gene!expression!and! showed! that!33! cysteine!modulates!the!expression!of!genes!involved!in!cysteine!metabolism,!amino?acid!34! biosynthesis,!fermentation,!energy!metabolism,!iron!acquisition!and!the!stress!response.!35! Additionally,! sigma! factor! (SigL)!and!global! regulators! (CcpA,!CodY,!Fur)!were! tested! to!36! elucidate! their! roles! in! the! cysteine?dependent! regulation! of! toxin! production.! Among!37! these! regulators,! only! sigL! inactivation! resulted! in! the! de?repression! of! toxin?gene!38! expression! in! the! presence! of! cysteine.! Interestingly,! the! sigL! mutant! produced! less!39! pyruvate! and! H2S! than! the! wild?type! strain.! Unlike! cysteine,! the! addition! of! 10! mM!40! pyruvate! to! the!medium! for! a! short! time! during! the! growth! of! the! wild?type! and! sigL#41! mutant!strains!reduced!expression!of!the!toxin!gene,! indicating!that!cysteine?dependent!42! repression!of!toxin!production!is!mainly!due!to!the!accumulation!of!cysteine!by?products!43! during!growth.!Finally,!we!showed!that!the!effect!of!pyruvate!on!toxin?gene!expression!is!44! mediated!at!least!in!part!by!the!two?component!system!CD2602?CD2601.!!45!46!
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Introduction''47! !48!
Clostridium! difficile! is! a! Gram?positive! spore?forming! obligate! anaerobe! and! the! major!49! cause! of! nosocomial! diarrhea! associated! with! antibiotic! therapy.! The! symptoms! of! C.#50!
difficile# infection! (CDI)! vary! from!mild! diarrhea! to! life?threatening! pseudomembranous!51! colitis,!a!severe! form!of!CDI!(1).!Virulent!C.#difficile! strains!produce! two! large! toxins,!an!52! enterotoxin!(TcdA)!and!a!cytotoxin!(TcdB).!The!tcdA!and!tcdB!genes!are!clustered!within!53! a!single!chromosomal!region!called!the!pathogenicity!locus!(PaLoc)!with!three!accessory!54! genes,! tcdR,! tcdE! and! tcdC.! The! expression! of! the! toxin! genes! is! controlled! through! the!55! coordinated!action!of!the!alternative!sigma!factor!TcdR!and!its!antagonist!factor!TcdC!(2?56! 4).!The!tcdE!gene!encodes!a!holin?like!protein!that!is!required!for!toxin!release!(5).!57! !58! The!spectrum!of!diseases!caused!by!C.#difficile#depends!on!host!factors!and,!for!the!severe!59! forms,!on!the!level!of!toxins!produced,!suggesting!that!the!regulation!of!toxin!synthesis!is!60! a! critical! determinant! of! C.# difficile# pathogenicity! (6).! Toxin! production! starts! when! C.#61!
difficile! cultures!enter! the!stationary!growth!phase! (7)!and! is!modulated! in! response! to!62! various!environmental!signals.!Exposure!to!subinhibitory!concentrations!of!antibiotics,!a!63! temperature! of! 37°C,! biotin! limitation! or! the! presence! of! butyric! acid! stimulates! toxin!64! production!(8,!9).!By!contrast,!the!presence!of!rapidly!metabolized!carbon!sources,!such!65! as! glucose! and! butanol,! or! amino! acids,! such! as! cysteine! and! proline,! inhibit! toxin!66! synthesis! (7,! 10?12).! Some! of! the! molecular! mechanisms! regulating! C.# difficile# toxin!67! synthesis!in!response!to!environmental!signals!have!been!elucidated!(13?16).!It!has!been!68! shown! that! CodY,! the! global! regulator! involved! in! the! adaptive! response! to! nutrient!69! limitation,! represses! toxin?gene!expression!by!binding! to! the! tcdR!promoter!region!(14,!70! 17)!and!that!glucose?dependent!repression!of!toxin!production!is!mediated!by!CcpA,!the!71! global!regulator!of!carbon!catabolite!repression!(CCR)!(13).!This!repression!is!the!result!72! of!the!direct!binding!of!CcpA!to!a!cis?acting!catabolite!response!element!(cre#site)!that!is!73! present!in!the!regulatory!regions!of!the!tcdA,!tcdB,#tcdR#and#tcdC!genes,!with!the!strongest!74! affinity! observed! for! the! tcdR! promoter! (18).! Toxin?gene! expression! also! depends! on!75! transcriptional!factors,!such!as!SigH!and!Spo0A,!which!control!the!transition!to!the!post?76! exponential!growth!phase!and!the!initiation!of!sporulation!(15,!16).!77! Changes! in! colonic! flora! after! antibiotic! treatment! lead! to! the! modification! of!78! metabolic!pools,!which!affects! the!spore!germination!and!cell!growth!of!C.#difficile! (19).!79!
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Specifically,! the! levels! of! several! PTS! sugars,! such! as!mannitol! and! sorbitol,! and! amino!80! acids,! such! as! proline,! cysteine! and! cystine,! the! cysteine! dimer,! increase! during! gut!81! dysbiosis.! These! compounds! are!metabolized!by!C.# difficile! and!may! serve! as!metabolic!82! signals! that! are!detected!by! regulators! to! coordinate! adaptation,! growth! and!virulence?83! factor!production!during!gut!colonization.!!84! Among!the!amino!acids!that!down?regulate!toxin!production!in!C.#difficile#strains,!cysteine!85! is! the!most!potent! (11,!12).!Links!between!bacterial! virulence!and!cysteine!metabolism!86! have! been! described! in! several! pathogenic! bacteria.! In! Clostridium# perfringens! and!87!
Bordetella#pertussis,# toxin!synthesis! is! regulated! in!response! to!cysteine!availability! (20,!88! 21).!Additionally,!genes!involved!in!sulfur!metabolism!are!induced!when!Mycobacterium#89!
tuberculosis,! Yersinia# ruckeri,! Staphylococcus# aureus! and! Nesseiria# meningitidis! interact!90! with! human! cells! (22?24).! In! addition,! loss?of?function! mutations! in! genes! involved! in!91! cysteine!biosynthesis!or!degradation!affect!the!virulence!for!some!of!these!pathogens!(23?92! 26).! Finally,! the! master! regulator! of! cysteine! metabolism! in! S.# aureus,! CymR,! plays! an!93! important!role!in!both!the!stress!response!and!the!control!of!bacterial!virulence!(27).!94! The! sulfur?containing!amino!acid! cysteine! is! central! to!bacterial!physiology.!This!95! amino! acid! is! a! precursor! of! methionine! and! of! several! co?enzymes! (biotin,! thiamine,!96! coenzyme!A!and!coenzyme!M).!Cysteine!is!also!the!sulfur!donor!for!the!biogenesis!of!the!97! iron?sulfur! (Fe?S)! clusters! that! are! found! in! the! catalytic! site! of! several! enzymes! and!98! assists! in!protein! folding!and!assembly!by! forming!disulfide!bonds.!Moreover,! cysteine?99! containing! proteins! (thioredoxin,! glutaredoxin)! and!molecules! (glutathione,! bacillithiol,!100! mycothiol)!are!important!in!protecting!cells!against!oxidative!stress!(28,!29).!Two!major!101! cysteine!biosynthetic!pathways!are!present!in!microorganisms:!i)!the!thiolation!pathway,!102! which!directly!incorporates!sulfide!or!thiosulfate!into!O?acetyl?L?serine!(OAS),!and!ii)!the!103! reverse! transsulfuration! pathway,! which! converts! homocysteine! into! cysteine! via! a!104! cystathionine! intermediate! (Fig.! 1)! (30,! 31).! Homocysteine! is! synthesized! from!105! methionine! using! the! S?adenosyl?methionine! (SAM)! recycling! pathway,! while! sulfide!106! arises!mostly!from!the!reduction!of!sulfate.!!107! Due!to! the!reactivity!of! its! thiol!group,! the! intracellular!concentration!of!cysteine!108! must!be!tightly!controlled.!The!pathways!responsible!for!depleting!free!cysteine!include!109! those! that! incorporate! cysteine! into! molecules! (proteins,! methionine,! Fe?S! clusters,!110! vitamins)! and! those! that! degrade!or! export! it! (30).! Cysteine! can! also!be! catabolized!by!111! cysteine!desulfhydrases!or!cysteine!desulfidase,!producing!pyruvate!and!hydrogen!sulfide!112!
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(H2S)!(Fig.!1)!(24,!32).!Finally,!a!large!variety!of!molecular!mechanisms!participate!in!fine?113! tuning!cysteine!metabolism!in!response!to!environmental!changes.!These!systems!include#114! regulation!by#the!premature!termination!of!transcription!at!T?box!systems!in!response!to!115! the! level! of! charge! of! tRNACys! (33)! or! by! several! transcriptional! regulators,! including!116! activators!of!the!LysR!family!(30)!and!!CymR,!a!repressor!of!the!Rrf2?family!(34,!35).!117! !118! To! understand! the! molecular! mechanisms! involved! in! the! cysteine! response,! we!119! performed!a!reconstruction!of!C.#difficile!sulfur!metabolism!and!analyzed!the!global!effect!120! of!cysteine!on!gene!expression.!Then,!we!showed!that!cysteine?dependent!repression!of!121! toxin!production! requires!SigL.!Moreover,!we!observed! that! the!production!of!pyruvate!122! and! H2S! decreased! in! the! sigL! mutant! compared! to! the! wild?type! strain.! Interestingly,!123! addition!of!pyruvate!to!the!growth!medium!of!the!wild?type!and!the!sigL!mutant!strains!124! repressed! toxin?gene! transcription,! suggesting! that! the! effect! of! cysteine! on! toxin!125! production!is!due,!at! least! in!part,! to!the!accumulation!of!cysteine!by?products!resulting!126! from!cysteine!degradation.!Finally,!we!showed!that!the!regulation!of!toxins!by!exogenous!127! pyruvate! is!mediated!by!a! two?component!system!(TCS)! through!a!still!uncharacterized!128! mechanism.!129! !130!
Materials'and'Methods'131!
'132!
Bacterial'strains'and'culture'conditions'133! The!C.#difficile#strains!used! in! this!study!are!described! in!Table!1.!Escherichia#coli! strain!134! NEB?10!beta!(BioLabs)!and!E.#coli!strain!HB101!(RP4)!were!used,!respectively,!for!cloning!135! and! as! a! donor! strain! for! C.# difficile! conjugation! experiments.! C.# difficile# strains#were!136! grown!anaerobically!(5%!H2,!5%!CO2,!90%!N2)!in!PY!(Bacto!peptone!(20g/l);!Yeast!extract!137! (10g/l);!CaCl2!0.4%!(2ml/l);!Resazurine!0.025%!(4m/l);!Hemin!0.05%!(10ml/l);!Vitamin!138! K! 0.05%! (1m/l)! and! 40ml/l! of! salts! solution! (K2HPO4! (1g/l),! KH2PO4! (1g/l),! NaHCO2!139! (10g/l),!NaCl! (2g/l),!MgSO4x7H20!(0.2g/l)),!PYC!(PY!with!10!mM!cysteine)!or!PYHC!(PY!140! with!10!mM!homocysteine)!media!(12).!After!9!h!of!cell!growth,!15!mM!of!acetate!or!10!141! mM! of! pyruvate,! Na2S! or! formate! were! added! to! the! PY! medium.! When! necessary,!142! cefoxitin!(25!µg/ml),!thiamphenicol!(15!µg/ml)!or!erythromycin!(2.5!µg/ml)!were!added!143! to! C.# difficile! cultures.! E.# coli! strains! were! grown! in! Luria?Bertani! (LB)! broth.! When!144! indicated,! ampicillin! (100! µg/ml)! or! chloramphenicol! (15! µg/ml)! was! added! to! the!145!
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culture!medium.!Additionally,!200!ng/ml!of!anhydrotetracycline!(Atc)!was!used!to!induce!146! the! Ptet! promoter! of! the! pRPF185! vector! derivatives! in! C.#difficile! (36).# The! sulfur?free!147! minimal!medium!was!as!previously!described!(20),!with!the!addition!of!0.3!g/L!of!proline.!148! The!concentrations!of!the!sulfur!sources!added!are!indicated!in!Table!2.!!149!
Dot<blot'analysis'150! Crude! extracts! were! obtained! using! the! FastPrep®! (MP! Biomedicals)! cell?lysis! system!151! (speed!6,!time!40,!performed!twice),!followed!by!centrifugation!(10!min!at!4°C)!to!remove!152! cell!debris.!For!dot?blot!experiments,!20!ng!(VPI10463)!or!200!ng![630∆erm,!M7404!and!153! M7404! (tcdC+)]! of! proteins! from! the! crude! extracts! were! directly! spotted! onto! a!154! nitrocellulose! membrane! (Hybond?C! extra,! Amersham! Biosciences).! The! membranes!155! were!blocked!with!5%!w/v!non?fat!dried!milk!in!Tris?buffered!saline!(TBS)!supplemented!156! with! 0.2%! (v/v)! Tween?20! (TBST)! for! 1! h! at! room! temperature! (RT).! The!membranes!157! were! then! incubated! for! 90! min! at! 37°C! with! the! TcdA! antibody! (PCG?4,! Santa! Cruz,!158! Biotechnology)!and!visualized!as!described!by!Antunes!et!al.!(13).!!159!
Cell'cultures'and'cytotoxicity'assays'160! Vero! cells! were! cultured! in! Dulbecco’s! modified! Eagle’s! medium! (DMEM;! Gibco)!161! supplemented!with! 5%! (v/v)! fetal! calf! serum! and! a! 1%! ready?to?use! solution! (v/v)! of!162! penicillin! [10! 000! U! ml?1]! and! streptomycin! [10! mg! ml?1]! (Sigma)! at! 37°C! in! 5%! CO2!163! atmosphere.!For!cytotoxicity!assays,!cells!were!grown!until!confluence! in!96?well!plates!164! and!incubated!with!two?fold!serially!diluted#C.#difficile!crude!extracts!in!DMEM.!After!24!h!165! at! 37°C,! the! cytopathic! effect!was! evaluated!using! an! optical!microscope.! Positive! toxin!166! reactions!were! indicated! by! the! characteristic! rounding! of! Vero! cells.! The! titer! of! each!167! sample!corresponds!to!the!well!containing!50!%!round!Vero!cells.!168!
Detection'and'quantification'of'hydrogen<sulfide'and'pyruvate'production''169! H2S! production! was! detected! using! lead?acetate! paper! (Macherey?Nagel),! which! turns!170! black! in! the! presence! of! this! compound.! Cells! were! grown! in! PY,! PYC! or! PYHC! to! an!171! OD600nm!of!0.7.!Then,! the! lead?acetate!paper!was!placed!at! the!bottom!of! the! flask! for!1!172! min!to!1!h!at!37°C,!depending!on!the!experiment.!H2S!production!was!further!quantified!173! as! previously! described! (31,! 37).! Briefly,! 5! ml! of! the! 630∆erm! strain! culture! was!174! introduced! into! a! flask!with! an! alkaline! agar! layer! enriched!with! zinc! acetate! and!was!175! incubated!for!1!h!at!37°C.!The!OD670nm!was!measured!against!an!H2O!blank.!The!amount!of!176!
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H2S!was!calculated!using!a!standard!curve!of!Na2S.!For!pyruvate!quantification,!cells!were!177! grown!in!PY!or!PYC!for!10!h!at!37°C,!and!pyruvate!was!quantified!in!the!supernatant!using!178! a!Pyruvate!Assay!Kit! (Sigma).!The! final! pyruvate! concentration!was! standardized!using!179! the!OD600nm!of!the!bacterial!cultures.!180!
Estimation'of'the'intracellular'amino<acid'content!181! The!intracellular!concentrations!of!amino!acids!were!estimated!using!high?pressure!liquid!182! chromatography! (HPLC)! (31,! 38).! Briefly,! cells! were! suspended! in! a! sulfosalicylic! acid!183! buffer! (3%! final! concentration)! and! disrupted! using! a! Fastprep! apparatus! (MP!184! Biomedicals).! After! centrifugation,! supernatant! samples! were! analyzed! by! cation?185! exchange! chromatography,! followed! by! ninhydrin! postcolumn! derivatization! as!186! previously!described!(31).!'187!
Zymogram'188! Zymograms!were! performed! to! detect! the! cysteine! desulfhydrase! and! homocysteine! g?189! lyase!activities.!Native!protein!crude!extracts!(40!and!100!µg,!respectively)!were!run!on!a!190! non?denaturing! protein! gel! (12%! polyacrylamide! in! Tris?Glycine! buffer).! After!191! electrophoresis,!the!gel!was!incubated!at!37°C!for!one!to!four!hours!in!a!Tris!solution!(50!192! mM! Tris?HCl! (pH! 7.4),! 10!mM!MgCl2,! 0.5! mM! Pb(NO3)2! and! 5!mM! DTT)! with! 0.4! mM!193! pyridoxal?5?phosphate!(PLP)!containing!either!10!mM!L?cysteine!or!10!mM!homocysteine!194! as!previously!described!(32).!H2S!formed!by!the!cysteine!desulfhydrase!or!homocysteine!195!
γ?lyase!activity!precipitates!as!insoluble!PbS.!196!
Construction'of'C.+difficile'mutants'197! The! ClosTron! gene?knockout! system+ (39)+was! used! to! inactivate! genes! encoding! Fur!198! (CD1287),!SigL!(CD3176),!CysK!(CD1594)#and#a!TCS?sensor!histidine!kinase!(CD2602),#as!199! well!as!several!regulators!of!unknown!function!(CD2065,!CD0278!and!CD2023;!Table!1).!200! As! described! in! Fig.! S1,! primers! were! designed! to! retarget! the! group?II! intron! of!201! pMTL007!to!these!genes!(Table!S1)!and!were!used!to!generate!a!353?bp!DNA!fragment!202! by!overlap!PCR!according!to!the!manufacturer’s!instructions.!These!PCR!products!were!203! cloned!into!the!HindIII!and!BsrGI!restriction!sites!of!the!pMTL007!and!were!verified!by+204! DNA!sequencing!using!the!pMTL007?F!and!pMTL007?R!primers!(Table!S1).!The!derived!205! pMTL007!plasmids!were!transformed!into!E.#coli!strain!HB101!(RP4)!and!transferred!by!206! conjugation!into!the!C.#difficile#strain#630∆erm.#C.#difficile#transconjugants!were!selected!207!
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by!sub?culture!on!BHI!agar!containing!thiamphenicol!(15!μg/ml),!and!the!integration!of!208! the!group?II! intron!RNA!into!genes!was!induced!and!selected!by!plating!onto!BHI!agar!209! containing!erythromycin!(2.5!μg/ml).!The!chromosomal!DNA!of!the!transconjugants!was!210! extracted!using!the!InstaGene!Kit!(BioRad),!and!PCR!using!the!primers!ErmRAM?F!and!211! ErmRAM?R!(Table!S1)!was!used!to!confirm!the!erythromycin?resistant!phenotype!due!to!212! the! splicing! of! the! group?I! intron! from! the! group?II! intron! following! integration! (Fig.!213! S1A).!The!insertion!of!the!group?II!intron!into!target!genes!was!verified!by!Southern!blot!214! (Fig.!S1C)!and!by!PCRs!(Fig.!S1B)!with!primers!flanking!the!5’!ends!of!genes#(Table!S1)!215! and! EBSu! primer.! To! knock! down# malY# (CD3029)! expression,# a! DNA! fragment!216! comprising! the! 5'! untranslated! region! (UTR)! and! the! beginning! of! the! CD3029! open!217! reading!frame!(?38!to!+154!from!the!ATG!start!codon)!was!amplified!by!PCR!and!cloned!218! between! the!XhoI! and!BamHI! sites! of! the!pRPF185!vector! (36)! to! generate!pDIA6456#219! expressing!the!5’!end!of!malY!in!the!antisense!orientation!under!the!control!of!the!ATc?220! inducible! Ptet! promoter.! This! plasmid! was! transferred! by! conjugation! into! C.# difficile!221! strain!630∆erm.!To!complement!the!sigL!mutant,!the!sigL!gene!and!its!promoter!(?193!to!222! +1380!from!the!ATG!start!codon)!were!amplified!by!PCR!using!the!appropriate!primers!223! (Table!S1).!The!PCR!fragment!was!cloned!into!the!XhoI!and!BamHI!sites!of!pMTL84121!224! (40)! to!generate!plasmid!pDIA6309.!This!plasmid!was! transferred!by!conjugation! into!225! the!C.#difficile!sigL!mutant!(CDIP217),!yielding!strain!CDIP342.!!226! All!experiments!conducted!with!the!mutants!were!standardized!versus!the!wild!type!for!227! the! culture! growth! (OD600)! and! the! protein! concentration! of! the! samples! or! by! using! a!228! reference!gene!for!the!qRT?PCR!assays. 229!
RNA'isolation'and'quantitative'real<time'PCR'230!
C.#difficile!strains!were!grown!in!PY!or!PYC!for!10!h.!Total!RNA!extraction!was!performed!231! using!the!FastRNA!Pro!Blue!kit!and!a!Fastprep!apparatus!according!to!the!manufacturer's!232! instructions!(MP!Biomedicals)!as!previously!described!(13).!To!synthesize!cDNA,!1!µg!of!233! total! RNA! was! heated! at! 70°C! for! 10! min! in! the! presence! of! 1! µg! of! hexamer!234! oligonucleotide! primers! (pdN6,! Roche).! RNAs!were! then! reverse! transcribed! for! 2! h! at!235! 37°C!using!AMV!Reverse!transcriptase!(RT)!(Promega),!20!mM!dNTPs!and!40!U!of!RNasin!236! (Promega).!Reverse!transcriptase!was!inactivated!by!heating!at!85°C!for!5!min.!Real?time!237! quantitative! RT?PCR! was! performed! in! a! 20?ml! reaction! volume! containing! 20! ng! of!238! cDNAs,! FastStart! SYBR! Green! Master! mix! (ROX,! Roche)! and! 200# nM# of! gene?specific!239!
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primers!(Table!S1).!Amplification!and!detection!were!performed!as!previously!described!240! (13).!The!quantity!of!each!cDNA!was!normalized!to!the!quantity!of!the!cDNA!of!the!DNA!241!
polIII!gene!(CD1305).!The!relative!change!in!gene!expression!was!recorded!as!the!ratio!to!242! normalized! target! concentrations! (∆∆Ct)! (41).! Shapiro?Wilk! test!was! performed! to! test!243! the!normality!of!the!replicates!for!each!condition!(Table!S3).!When!population!of!the!two!244! conditions! was! normally! distributed! a! t?test! was! used,! otherwise! we! used! a! Mann?245! Whitney! test! as! indicated! in! the! legend! of! figures.! A! p?value! ≤! 0.05! was! considered!246! significant.!!247!
Microarray' design' for' the' C.+ difficile' genome,' DNA<array' hybridization' and' data'248!
analysis.''249! The!microarray!of!the!C.#difficile!strain!630!genome!was!designed!as!previously!described!250! (15)! (GEO! database! accession! number! GPL10556).! The! transcriptome! was! performed!251! with! four!different!RNA!preparations!and!a!dye?swap!method.!First,!10!µg!of! total!RNA!252! was!reverse!transcribed!in!cDNA!using!the!SuperScript!Indirect!cDNA!labeling!system!kit!253! (Invitrogen)! and! Cy3! or! Cy5! fluorescent! dye! (GE! Healthcare)! according! to! the!254! manufacturer’s! recommendations.! Labeled!DNA!hybridization! to!microarrays! and!array!255! scanning!were!performed!as!previously!described!(15).!The!complete!experimental!data!256! set!was!deposited!in!the!GEO!database!with!accession!number!GSE22423.!All!slides!were!257! analyzed!using! the!R! and! limma! software! (Linear!Model! for!Microarray!Data)! from! the!258! Bioconductor! project! (www.bioconductor.org).! For! each! slide,! we! corrected! for!259! background!with! the! ‘normexp’!method! (42),! which! resulted! in! strictly! positive! values!260! and! reduced! variability! in! the! log! ratios! for! genes!with! low! hybridization! signal! levels.!261! Then,! we! normalized! each! slide! by! the! ‘loess’! method! (43).! To! test! for! differential!262! expression,! we! used! Bayesian! adjusted! t?statistics! and! performed! the! multiple?testing!263! correction!of!Benjamini!&!Hochberg!based!on!the!false!discovery!rate!(FDR)!(44).!A!gene!264! was!considered!to!be!differentially!expressed!when!the!p?value!was!<!0.05.!265!
Raw'sequences'analysis!266! The!presence!of!the!TCS!locus!(CD2602?26021)!was!inferred!from!raw!sequences!of!2424!267! published! strains! (Sequence! Read! Archive! (SRA)! accession! numbers:! PRJEB2039,!268! PRJEB4556,!PRJEB3010,!PRJEB190?216,!PRJEB6600?2,!PRJEB6575).!For!that!purpose,!we!269! mapped!the!sequencing!reads!of!each!strain!onto!the!nucleotide!sequence!of!the!TCS!locus!270!
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using!Bowtie!(1).!A!strain!was!considered!to!contain!the!TCS!locus!when!the!coverage!was!271! above!80%.!272! !273!
Results'&'discussion'274!
'275!
Cysteine<dependent'repression'of'PaLoc'genes''276! It! has! been! shown! that! toxin! synthesis! is! repressed!by! cysteine! in! the!high?toxin?level?277! producing! strain! VPI10463! (12).! To! determine!whether! the! effect! of! cysteine! on! toxin!278! synthesis!is!strain?dependent,!we!measured!the!effect!of!cysteine!on!toxin!production!in!279! several! C.# difficile! backgrounds! (Table! 1),! such! as! strains! 630∆erm! and! M7404! (a!280! NAP1/027! epidemic! strain),! as! well! as! a! M7404?derivative! strain! carrying! a! wild?type!281! copy!of!the!tcdC!gene!on!the!pDLL17!plasmid!(2);!VPI10463!was!used!as!a!control.!All!of!282! the! strains! grew! similarly! in! PY! with! or! without! cysteine.! Cell! crude! extracts! were!283! obtained!from!these!four!strains!after!10!h!of!growth!in!PY!or!PYC,!and!toxin!production!284! was! assayed! by! Vero! cell! cytotoxicity! assays,! which! predominantly! assess! TcdB,! and!285! protein!dot?blot!analysis!using!a!specific!antibody!raised!against!TcdA.!Cytotoxic!activity!286! was! lower! in!cells!grown! in! the!presence!of! cysteine! (Fig.!2A)!compared! to!cells!grown!287! without!cysteine,!with!25?!to!125?fold!decreased!cytotoxicity!for!strains!630∆erm,!M7404!288! and!M7404! +! pDLL17?tcdC! and! 16000?fold! decreased! cytotoxicity! for! strain! VPI10463.!289! Moreover,!TcdA!accumulation!was!strongly!reduced! in!the!presence!of!cysteine! in!all!of!290! the!strains!tested!(Fig.!2B).!These!results!suggest! that!cysteine?dependent!repression!of!291! toxin! production! is! conserved! among! the! C.# difficile! strains.! Cysteine! repressed! toxin!292! synthesis!in!both!the!epidemic!027!strain!M7404,!which!does!not!express!functional!TcdC,!293! and! in! its! derivative! strain! that! contains! a! wild?type! tcdC! gene! (2).! Thus,! the! effect! of!294! cysteine!on!toxin!production!is!not!mediated!by!TcdC.!!295! To! determine! whether! the! effect! of! cysteine! on! toxin! production! occurred! at! the!296! transcriptional! level,! we! performed! qRT?PCR! experiments! for! the! tcdA,! tcdB! and! tcdR!297! genes!using!strain!630∆erm! (Fig.!2C).!After!10!h!of!growth,! transcript! level!of! tcdA! and!298!
tcdB! decreased! 18?! and! 17?fold,! respectively,! in! the! presence! of! cysteine.! We! also!299! observed! that! the! expression! of! the! tcdR! gene! encoding! the! alternative! sigma! factor!300! required! for! toxin?gene! transcription! decreased! 40?fold!when! cysteine!was! added! (Fig.!301! 2C).! These! data! are! in! agreement! with! the! results! obtained! by! Karlsson! et! al.! (11),!302!
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suggesting! that! toxin?gene! transcription! is! repressed! by! cysteine! through! negative!303! regulation!of!tcdR.!304!
Reconstruction'of'sulfur'metabolism'in'C.+difficile''305! An! understanding! of! sulfur!metabolism!was! a! prerequisite! to! elucidating! how! cysteine!306! negatively! regulates! toxin! production.! To! reconstitute! the! sulfur?metabolism! pathways,!307! we!first!searched!for!all!of!the!gene!homologs!to!the!genes!involved!in!sulfur?assimilation!308! pathways! in!other! firmicutes! (30)! in! the!complete!genome!sequence!of! the!reference!C.#309!
difficile#strain!630!(45)! (Fig.!3).!All!genes! identified!are!conserved! in! the!VPI10463!and!310! NAP1/027! epidemic! strains! (Table! S4).! Then,! to! support! the! metabolic! reconstruction!311! and! to! obtain! new! insights! about! the! physiology! of! C.# difficile,! we! tested! the! ability! of!312! strain!630∆erm!to!grow!in!minimal!media!with!different!sulfur!sources!(Table!2).!313! Strain!630∆erm!cannot!grow!when!sulfate!is!the!only!sulfur!source!(Table!2).!This!finding!314! is! consistent! with! the! absence! of! genes! involved! in! the! first! steps! of! the! sulfate?315! assimilation!pathway! leading!to!sulfite!(Fig.!1).!By!contrast,!strain!630∆erm!was!able!to!316! grow! in! the! presence! of! sulfide! or! thiosulfate! (Table! 2),! indicating! that! C.# difficile! can!317! synthesize! cysteine! from! these! compounds,! probably! through! the! CysE/CysK! thiolation!318! pathway!(Fig.!3).!Cysteine!can!also!be!produced!from!glutathione,!a!sulfur!source!utilized!319! by!strain!630∆erm!(Table!2).!PepT!and!PepA!are!probably!involved!in!the!degradation!of!320! glutathione!to!form!cysteine!(Fig.!3).!However,!the!pathway!of!glutathione!synthesis!from!321! cysteine!that!is!found!in!C.#perfringens!(20)!is!absent!in!C.#difficile.#Strain!630∆erm!can!also!322! grow! with! cysteine! as! the! sole! sulfur! source,! indicating! that! methionine! is! efficiently!323! produced! from! this! compound.! As! shown! in! Fig.! 3,! methionine! is! synthesized! from!324! homocysteine,!likely!through!the!cobalamine?dependent!methionine!synthase!MetH.!The!325! two! main! pathways! of! homocysteine! production! in! bacteria! are! transsulfuration! and!326! thiolation!(Fig.!1)!(30).!Both!pathways!involve!PLP?dependent!enzymes:!transsulfuration!327! requires!a!cystathionine!γ?synthase!and!a!cystathionine!β?lyase,!while!thiolation!requires!328! an!O?acetyl?homoserine!(OAH)Uthiol?lyase!(Fig.!1).!In!the!genome!of!strain!630,!three!PLP?329! dependent!enzymes!were!identified!by!their!similarities:!MetY,!MalY!and!MdeA!(46).!MetY!330! contains!an!amino?acid! insertion!specific! to!OAH?thiol?lyases,!MalY! is!a!cystathionine!β?331! lyase!of!the!PatB/MalY!family!(32),!and!MdeA!is!a!probable!methionine!γ?lyase.!However,!332! no! cystathionine! γ?synthase! is! present! in! C.# difficile,# suggesting! that! a! functional!333!
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transsulfuration!pathway! is!absent!and! that!C.#difficile! synthesizes!both!methionine!and!334! cysteine!by!thiolation!pathways.!'335!
Homocysteine'and'Cysteine'degradation'336! Strain!630∆erm!can#grow!in!the!presence!of!homocysteine!and,!to!a!lesser!extent,!in!the!337! presence!of!cystathionine,!but!cannot!use!methionine!as!the!sole!sulfur!source!(Table!2).!338! The! ability! to! use! homocysteine! is! surprising! because! the! reverse! transsulfuration!339! pathway,!which!involves!a!cystathionine!β?synthase!and!a!cystathionine!γ?lyase!(Fig.!1),!is!340! absent!in!C.#difficile#(31,!47).!Growth!in!the!presence!of!homocysteine!could!be!explained!341! by! the! existence! of! a! homocysteine! γ?lyase,! allowing! the! production! of! H2S! from!342! homocysteine!and!its!possible!conversion!into!cysteine!(Fig.!3).!Using!lead?acetate!paper,!343! we! detected! the! production! of! H2S! during! the! growth! of! strain! 630∆erm! in! PY! plus!344! homocysteine! (PYHC),! but! not! in! PY! alone! (Fig.! 4A).!When!we! performed! a! zymogram!345! using!homocysteine!as!a!substrate,!we!detected!a!single!band!in!crude!extracts!of!strain!346! 630∆erm! grown! in! PY,! PYC! and! PYHC! (Fig.! 4B),! suggesting! that! homocysteine! γ?lyase!347! activity! is! induced! in! all! of! the! growth! conditions! used.! Among! the! PLP?dependent!348! enzymes!encoded!by!the!C.#difficile#genome,!MdeA!shares!significant!similarities!with!the!349! methionine! γ?lyases! of! Citrobacter# freundii! (48)! and! of! Brevibacterium# linens.!350! Interestingly,! the!methionine! γ?lyase! of!B.# linens! also! has! homocysteine! γ?lyase! activity!351! (49),!making!MdeA! a! probable! candidate! for! the! production! of!H2S! from!homocysteine!352! and! the! degradation! of! methionine! to! form! methanethiol! in! C.# difficile! (Fig.! 3),! as!353! previously!proposed!(50).!!354! In! bacteria,! cysteine! is! usually! catabolized! by! cysteine! desulfhydrases! (32),! producing!355! H2S,! pyruvate! and! ammonia! (Fig.! 1).! We! detected! high! production! of! H2S! during! the!356! growth!of!strain!630∆erm!in!PYC!(Fig.!4A).!Indeed,!the!quantification!of!H2S!showed!a!20?!357! to!30?fold!increase!of!H2S!production!when!cysteine!was!added!to!the!medium!(Fig.!4C).!358! This! result! clearly! indicated! that!cysteine! is!efficiently!degraded! in!C.#difficile.!To!detect!359! the! cysteine! desulfhydrase! activities,! we! performed! a! zymogram! using! L?cysteine! as!360! substrate.!We!detected!two!bands!(α!and!γ)!in!the!crude!extract!of!strain!630∆erm!grown!361! in!PY!(Fig.!4D,!lane!1).!Interestingly,!when!strain!630∆erm!was!grown!in!PYC,!we!detected!362! an! additional! band! (β),! indicating! that! synthesis! of! this! desulfhydrase! enzyme! was!363! induced!by! cysteine! (Fig.! 4D,! lane!2).! In!B.# subtilis,! PatB/MalY?! and!CysK?type! enzymes!364! have!cysteine!desulfhydrase!activities!(32).!To!determine!whether!CysK!of!C.#difficile!is!a!365!
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cysteine! desulfhydrase,! we! inactivated! the! cysK! gene! in! strain! 630∆erm! using! the!366! ClosTron! system! (Fig.! S1).! The! zymogram!profile! obtained!with! the! cysK#mutant! strain!367! grown!in!PYC! is!similar! to! that!obtained!with! the!630∆erm! strain!(Fig.!4D,! lane!3).!This!368! finding!suggests! that!CysK! is!not!a!major!cysteine!desulfhydrase! in!C.#difficile!under! the!369! conditions!tested,!although!we!cannot!exclude!a!role!for!CysK!in!cysteine!degradation.!We!370! failed! to! inactivate! the! gene! encoding! the! PatB/MalY! enzyme,! probably! because! of! its!371! essentiality! for! C.# difficile! (51).! Thus,! to! evaluate! whether! PatB/MalY! is! a! cysteine!372! desulfhydrase,!we! constructed! a! PatB/MalY?depleted! strain! using! an! antisense! strategy!373! (36,! 52).! Compared! to! the! strain! carrying! the! control! plasmid! (Fig.! 4D! lane! 5),! the!374! PatB/MalY?depleted!strain!(Fig.!4D!lane!6)!displayed!a!decreased!intensity!of!the!α!band,!375! suggesting! that! MalY! has! cysteine! desulfhydrase! activity.! However,! the! enzymes! with!376! cysteine! desulfhydrase! activity! corresponding! to! γ! and! β! bands! on! the! zymogram! (Fig.!377! 4D)!remain!to!be!identified.!!378! Finally,!we!demonstrated!that!both!homocysteine!and!cysteine!are!actively!catabolized!by!379!
C.#difficile.!Interestingly,!it!has!recently!been!shown!that!when!C.#difficile#grows#in!minimal!380! media!with!casminoacids,!cysteine!is!consumed!immediately!and!sulfide!is!produced!(53).!381! This!finding!is!in!complete!agreement!with!our!results.!Thus,!we!propose!that!sulfide!is!a!382! central!compound!of!sulfur!metabolism!in!C.#difficile,#as!it!is!the!direct!precursor!of!both!383! methionine! and! cysteine,! as! well! as! the! major! degradation! product! of! the! sulfur?384! containing!amino!acids!homocysteine!and!cysteine!(Fig.!3).!!385!
Global'analysis'of'genes'expression'in'response'to'cysteine''386! To! determine! the! global! impact! of! cysteine! on! gene! expression! and! to! elucidate! the!387! mechanism! of! cysteine?dependent! repression! of! toxin! production,! we! performed! a!388! comparative!transcriptional!analysis!of!strain!630∆erm!grown!in!PY!or!PYC!at!the!onset!of!389! stationary! phase! (10! h).! In! the! presence! of! 10!mM! cysteine,! 6!%! of! the! genome! (201!390! genes)!was!differentially!expressed!with!a!fold!change!>!2!(Table!S2).!Among!these!genes,!391! 120! and! 81!were! up?! and! down?regulated,! respectively.! The!major! expression! changes!392! were! seen! in! genes! encoding! cell?surface?associated! proteins! and! proteins! involved! in!393! sulfur,! amino?acid,! carbon!and!energy!metabolism!as!well! as! in! iron!uptake! (Table! S2).!394! The! transcriptomic! analysis! confirmed! that! toxin?gene! expression! decreased! in! the!395! presence!of! cysteine.! In!addition,! exposure!of!C.#difficile! to!high!cysteine!concentrations!396! strongly!induced!the!expression!of!genes!encoding!heat?shock!proteins!belonging!to!both!397!
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Class! I! (HrcA?dependent),! such! as! the! groESL! and! hrcA# operons,! and! Class! III! (CtsR?398! dependent),! such! as! the! ctsR! and! the! clpB! operons.! We! validated! the! transcriptomic!399! analysis!by!performing!qRT?PCR!with!a!selection!of!12!representative!genes.!The!results!400! confirmed!the!microarray!data!(Table!S2).!401!
Regulation' of' genes' involved' in' sulfur' metabolism' and' in' thiol' protection' by'402!
cysteine'403! As!expected,!the!expression!of!genes!related!to!sulfur!metabolism,!including!transporters!404! of! amino! acids,! was! controlled! by! cysteine.! The!metQ1! gene! encoding! the! methionine?405! binding!protein!of!an!ABC!transporter!(54,!55)!(Fig.!3)!was!less!strongly!expressed!in!PYC.!406! This! gene! is! probably! regulated! by! a! S?box! riboswitch! in! the! promoter! region! of! the!407!
metNIQ1!operon,!like!most!of!the!genes!required!for!methionine!uptake!(Fig.!3)!(55,!56).!408! The! ABC! transporter! system! composed! of! CD2177,! CD2176,! CD2175,! CD2174! and!409! CD2172! is! likely! involved! in! the!uptake!of!cystine!and/or!cysteine! in!C.#difficile! (Fig.!3).!410! CD2177!and!CD2174!share!similarities!with!the!cystine?binding!proteins!of!E.#coli!and!B.#411!
subtilis#(57),!while!CD2176!and!CD2175!are!similar!to!the!L?cystine!permeases!of!E.#coli!412! and!B.#subtilis.!The!expression!of!all!of!the!genes!encoding!this!ABC!transporter!decreased!413! 2.5?!to!4?fold!in!PYC,!as!is!usually!observed!for!cysteine/cystine!transporters.!By!contrast,!414! the! expression!of! the! ssuA2! and! ssuC2! genes,!which! encode!proteins! sharing! similarities!415! with!sulfonate!ABC!transporters,!increased!in!the!presence!of!cysteine!(Fig.!3).!416! The! expression! of! CysK! encoding! the! OAS?thiol?lyase! and! CysE,! the! serine! acetyl?417! transferase!was!induced!40?!to!50?fold!in!the!presence!of!cysteine!(Fig.!3!and!Table!S2).!418! The!up?regulation!of!cysKE!expression!in!PYC!is!surprising!because!CysK!and!CysE,!which!419! are!required!for!cysteine!biosynthesis,!are!usually!induced!during!cysteine!limitation,!as!420! previously! observed! in! C.# perfringens,! B.# subtilis,# E.# coli! and! Salmonella# (20,! 30,! 34).!421! However,! in! the! presence! of! high! cysteine! concentrations,! CysK! contributes! to! cysteine!422! degradation!rather!than!cysteine!synthesis!(58).!Under!these!conditions,!CysE!activity!is!423! inhibited!by!feedback,!as!established!in!several!bacteria!and!plants!(38,!59).!Nonetheless,!424! the!role!of!CysK!in!cysteine!metabolism!remains!to!be!clarified.!!!425! Finally,!we!observed!that!genes!involved!in!thiol!protection!were!induced!in!the!presence!426! of!cysteine!(Table!S2).!They!encode!two!thioredoxins!(CD1690!and!CD2355),!a!thioredoxin!427! reductase!(CD1691)!and!a!thiol!peroxidase!(CD1822).!The!induction!of!genes!involved!in!428! thiol! protection! and! in! the! stress! response! suggests! that! cysteine! or! its! derivative!429!
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products!(e.g.,!H2S)!stress!C.#difficile.!However,!the!addition!of!10!mM!cysteine!to!the!PY!430! medium! did! not! affect!C.# difficile! growth! and! cell! viability! (data! not! shown)!while! this!431! amino! acid! is! toxic! in! other! bacteria,! such! as! E.# coli! and! B.# subtilis! ((60);! I.! Martin?432! Verstraete,! unpublished! results).! The! expression! of! the! stress?responsive! genes! in!433! relation!to!the!absence!of!cysteine!toxicity!in!C.#difficile#may!be!the!result!of!an!adaptation!434! to!an!anaerobic!lifestyle.!!435!
Induction'of'fur'and'Fur<regulated'genes'in'the'presence'of'cysteine''436! The!ferric!uptake!regulator!(Fur)!protein!is!an!iron?response!repressor!that!controls!the!437! expression!of!genes! involved! in! iron!transport! in!bacteria!(61,!62).!The!CD1287#protein!438! shares! 48! %! identity! with! the! Fur! protein! of! B.# subtilis.# To! demonstrate! that! CD1287!439! corresponds! to!Fur,!we! constructed!a!CD1287#mutant! strain!using! the!ClosTron! system!440! (Fig.!S1).!Then,!we!tested!the!effect!of!CD1287#disruption!on!the!level!of!transcription!of!441! the#feoB1!and!fhuD#genes!by!qRT?PCR.!In!B.#subtilis,!FeoB1!and!FhuD!participate!in!ferrous!442! iron!and! ferrichrome!uptake,!respectively!(61,!63).!We!showed!that! the!addition!of!200!443! mM!of!dipyridyl,!a!ferrous!iron!chelator,!to!the!growth!medium!increased!the!transcript!444! level! of! the! CD1287,! fhuD! and! feoB1! genes! and! that! transcription! of! feoB1! and! fhuD#445! increased!3500?!and!45?fold,! respectively,! in! the!CD1287!mutant!compared! to! the!wild?446! type! strain! (data! not! shown).! These! results! strongly! indicate! that! CD1287! is! the! Fur!447! repressor!in#C.#difficile,!as!recently!demonstrated!(64).!448! From!our! global! transcriptomic! analysis,!we! found! that! the! presence! of! cysteine! in! the!449! medium! induced! the! Fur?regulon,! including! fur# and! genes! encoding! transporters! of!450! ferrous! iron!and!ferrichrome!(Table!3).!Using!the!Fur?binding!site!of!B.#subtilis! (61),!we!451! detected!a!potential!Fur!box!upstream!of!approximately!20!genes! that!are!differentially!452! expressed!in!PYC,!including!fur,!feoB1,!cysK!and#fhuD,!as!well!as!genes!encoding!proteins!453! of! unknown! function,! such! as! CD2992,! CD1485,! CD2499! and! CD2881! (Table! 3).! The!454! consensus!Fur!box!for!C.#difficile#(Fig.!5A),!deduced!from!the!putative!Fur?binding!motifs!455! present!in!the!regulatory!region!of!these!genes,!is!highly!similar!to!that!defined!by!Ho!et!456! al.! (64).!We! then! tested! the!effect!of! cysteine!on! the! transcription!of! some!of! these!Fur!457! targets!by!qRT?PCR!in!both!630∆erm#and!a!fur!mutant!strain.!In!the!presence!of!cysteine,!458! the! transcript! level!of! fur,! feoB1,# cysK,! fhuD! and!CD2992! genes! increased!3.2?,!750?,!56?,!459! 12?! and! 10?fold,! respectively,! in! strain! 630∆erm! (Fig.! 5B),! a! result! consistent! with! the!460! transcriptome!data! (Table! 3).! The! cysteine?dependent! up?regulation! of! feoB1,! fhuD! and!461!
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CD2992!was!abolished!in!the!fur!mutant,!indicating!that!the!effect!of!cysteine!is!mediated!462! by!the!Fur!repressor.!Interestingly,!the!induction!of!cysK!transcription!by!cysteine!was!not!463! completely!abolished!in!the!fur!mutant!and!was!only!five?fold!lower!than!it!was!in!strain!464! 630∆erm!(Fig.!5B).!In!addition,!in!the!absence!of!cysteine,!the!transcript!level!of!cysK!was!465! 4.5?fold!higher!in!the!fur!mutant!than!in!strain!630∆erm#(data!not!shown).!As!a!Fur!box!is!466! located! in! the! promoter! region! of! the! cysK! gene,! the! regulation! of! cysK! by! cysteine! is!467! complex,! involving! both! direct! regulation! by! the! Fur! repressor! and! control! by! a! still?468! uncharacterized!regulator.!While!very!few!data!concerning!the!control!of!cysK!expression!469! by! Fur! are! available! (65),! the! cysteine?dependent! regulation! of! CysK! synthesis! in! C.#470!
difficile#seems!to!be!atypical.!!471! The!induction!of!the!Fur!regulon!by!cysteine!suggests!that!the!presence!of!cysteine!in!the!472! growth! medium! mimics! the! conditions! of! iron! depletion.! A! black! precipitate! appears!473! when! strain! 630∆erm! is! grown! in! PYC! (Fig.! 5C).! This! finding! is! consistent! with! the!474! production!of!high!levels!of!H2S!via!cysteine!degradation!by!cysteine!desulfhydrases!(Fig.!475! 4C),! which! probably! leads! to! the! formation! of! this! black! deposit! from! iron?sulfide!476! precipitation.!This!phenomenon!is!often!described!in!anaerobic!waste?collection!systems!477! (66).!Therefore,! iron!depletion!due!to!the!precipitation!of! iron!in!the!presence!of!excess!478! sulfide!can!explain!the!induction!of!the!Fur?regulated!genes.!479!
Regulation'by'cysteine'of'carbon'and'energy'metabolism'480! The!ability!of!C.#difficile#to!use!a!wide!range!of!carbohydrates!might!be!important!during!481! infection.! Accordingly,! Antunes! et! al.! (13)! demonstrated! the! existence! of! links! between!482! carbon! metabolism! and! toxin! production.! The! addition! of! cysteine! to! the! medium!483! increased!the!expression!of!several!genes!of!carbon!metabolism,!including!genes!encoding!484! phosphotransferase!systems! (PTS)!and!genes!encoding!enzymes! involved! in! the!second!485! part!of!glycolysis!(Fig.!6A!and!Table!S2).!!486! The! expression! of! genes! involved! in! the! fermentation! pathways! of! C.! difficile! was! also!487! modulated! by! the! presence! of! cysteine! (Fig.! 6A).! Thus,! the! expression! of! ldh# and# buk,!488! which! encode! lactate! dehydrogenase# and! one! butyrate! kinase,! respectively,! decreased,!489! while! the! expression! of! genes! encoding! pyruvate! formate! lyases! and! an! alcohol!490! dehydrogenase,! increased! in! the! presence! of! cysteine.! Surprisingly,! the! bcd2! operon,!491! which! is! involved! in! the! production! of! butyryl?CoA! from! acetyl?CoA! (Fig.! 6A),! was! not!492! differentially!expressed!in!the!transcriptome!analysis.!However,!when!we!tested!the!effect!493!
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of! cysteine!on! the!expression!of! the!bcd2#and!hbd2#genes!by!qRT?PCR,#we!showed! that!494! their!transcript!levels!decreased!5.5?!and!6?fold!in!PYC!compared!to!PY,!respectively.!This!495! result! is! in! agreement! with! the! results! of! a! proteome! analysis! performed! in! strain!496! VPI10463! (12),! showing! that! the! production! of! enzymes! involved! in! the! conversion! of!497! acetyl?CoA! to! butyryl?CoA! (Bcd2,! Crt2! and! Hbd)! decreases! when! cells! are! grown! in!498! presence! of! cysteine.! To! evaluate! the! impact! of! cysteine! on! fermentation!pathways,!we!499! quantified!the!end!products!of!fermentation!in!strain!630∆erm!grown!over!48!h!in!PY!or!500! PYC!by!gas?liquid!chromatography.!The!amount!of!lactate!and!butyrate!was!reduced!four?!501! and! six?fold,! respectively,! in! the! presence! of! cysteine! (Fig.! S2)! as! observed! in! strain!502! VPI10463! (12).! This! result! is! consistent!with! the!down?regulation! of! ldh,!buk#and# bcd2!503! operon!expression.!After!48!h!of!growth,!butyric!acid!production!was!high!in!PY,!leading!504! to! a! final! concentration! of! 5! mM! compared! to! less! than! 1! mM! in! PYC! (Fig.! S2).!505! Interestingly,! the! addition! of! butyric! acid! to! the! growth! medium! enhances! toxin!506! production! in! strain!VPI10463! (12).! Thus,! the! addition! of! cysteine! to! the!medium!may!507! indirectly! control! toxin! production! at! least! partly! via! its! influence! on! butyric! acid!508! production.!However,! the!molecular!mechanisms!of! the! regulation!of! toxin! synthesis! in!509! response!to!butyric?acid!availability!remain!to!be!determined.!!510!
Control'of'amino<acid'metabolism'by'cysteine'511! To! analyze! the! impact! of! cysteine! on! amino?acid! metabolism,! we! compared! the!512! transcriptome!and!the!pools!of!amino!acids!obtained!from!strain!630∆erm!grown!in!PY!or!513! PYC.!A!total!of!32!genes!involved!in!peptide!or!amino?acid!metabolism!were!differentially!514! expressed!under!these!two!conditions!(Table!S2),!while!the!intracellular!concentration!of!515! leucine,! tyrosine,! alanine,! valine,! phenylalanine! and! glutamic! acid!was! increased! in! the!516! presence! of! cysteine! (Table! 4).! The! expression! of! several! genes! involved! in! peptide!517! degradation! (CD0779,# CD2613,# CD2347,# CD2173! and! CD0166)! and! amino?acid! uptake!518! (CD2612,#CD3092!and!CD0165)!was!differentially!regulated!when!cysteine!was!added!to!519! the!medium!(Fig.!6A).!In!C.#difficile,!amino?acid!catabolism!by!the!Stickland!reactions!can!520! be! a! primary! source! of! energy! when! bacteria! are! grown!with! amino! acids! as! the! sole!521! carbon!and!nitrogen!sources!(67).!Stickland!reactions!couple!the!metabolism!of!a!pair!of!522! amino! acids,! of! which! one! serves! as! the! Stickland! donor! (alanine,! valine,! leucine! or!523! isoleucine)! and! is! oxidatively! deaminated! or! decarboxylated! to! generate! ATP! and!524! reducing! power! (NADH),! and! the! second! serves! as! the! Stickland! acceptor! (glycine,!525!
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proline,! hydroxyproline! or! leucine)! and! is! reduced! or! reductively! deaminated,!526! regenerating!NAD+!from!NADH!(Fig.!6B).!The!genes!encoding!the!glycine!reductase!(grd)!527! and! D?proline! reductase! (prd)! operons,! which! are! involved! in! the! reduction! of! the!528! Stickland! acceptors! glycine! and! proline,!were! induced! up! to! 10?fold! in! the! presence! of!529! cysteine!(Fig.!6B!and!Table!S2).! Interestingly,! the!expression!of!proC! (CD3281),!which!is!530! involved! in! the! conversion! of! ornithine! into! proline,! and! of! CD2347,#which! encodes! a!531! peptidase! sharing! similarities!with! Xaa?Pro! dipeptidases! and! potentially! generates! free!532! proline! for! use! in! the! Stickland! reactions! (67),! was! also! increased! in! the! presence! of!533! cysteine.!!534! In! strain! 630∆erm! grown! in! the! presence! of! cysteine,! we! observed! a! substantial!535! accumulation!of!alanine!(Table!4),!a!by?product!of!cysteine!catabolism.!Indeed,!cysteine!is!536! first!converted!into!pyruvate!through!cysteine!desulfhydrases;!pyruvate!is!then!converted!537! into! alanine! by! alanine! aminotransferases! (Fig.! 6A).! CD2828,! which! shares! similarities!538! with!an!alanine!aminotransferase!characterized!in!E.#coli#(68),!is!a!good!candidate!for!this!539! activity.! However,! CD2828# was! repressed! in! PYC! (Table! S2).! The! negative! control! of!540!
CD2828!expression!in!the!presence!of!a!high!intracellular!concentration!of!alanine!might!541! explain!this!down?regulation!!542! Several!genes!involved!in!the!biosynthesis!of!branched?chain!amino!acids!(BCAAs)!were!543! also!repressed!by!cysteine!(Fig.!6A!and!Table!S2).!The!expression!of!ilvD! involved!in!the!544! BCAAs!synthesis!from!pyruvate!and!of!the!leuABCD!operon,!which!is!involved!in!synthesis!545! of!leucine!were!down?regulated!5?!to!10?fold!in!the!presence!of!cysteine.!Interestingly,!the!546! transcription!of!brnQ1,!which!encodes!a!BCAA!transporter!(Fig.!6A),!was!also!decreased!in!547! PYC.!A!Tbox!specific!to!leucine!(TboxLeu)!is!present!in!the!promoter!region!of!the!leuABCD!548! operon! and! of! the! leuS! gene,! indicating! that! these! genes! are! probably! induced! during!549! leucine!starvation!via!premature!termination!of!transcription!(56,!69).!We!note!that!ilvD,!550!
leuABCD! and! brnQ1! belong! to! the! CodY! regulon,! which! is! involved! in! the! adaptive!551! response!to!nutrient!limitation!(17).!Thus,!the!increase!in!the!concentration!of!valine!and!552! leucine!when!cysteine!is!added!(Table!4)!might!lead!to!the!repression!of!genes!involved!in!553! BCAAs! biosynthesis! and! uptake! through! their! control! by! a! TboxLeu! or! by! CodY.! In! B.#554!
subtilis,! changes! in! the! rate! of! endogenous! isoleucine,! leucine! and! valine! synthesis!555! modulate! the! expression! of! CodY?regulated! genes! (70).! In! addition,! for! Clostridum#556!
sticklandii,!using!amino!acids!as!the!carbon!and!energy!sources,!cysteine!is!one!of!the!six!557!
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amino!acids!that!is!preferentially!degraded,!while!valine,!leucine!and!isoleucine!are!used!558! later,!suggesting!that!certain!amino!acids!regulate!the!metabolism!of!others!(71).!Cysteine!559! is! also!one!of! the! three!amino!acids! that! are!preferentially!used!by!C.#difficile# (53).!Our!560! results!suggest!that!the#presence!of!cysteine!may!delay!the!use!of!other!amino!acids,!such!561! as! BCAAs,! which! are! known! to! act! as! co?repressors! of! CodY! (17).! Accordingly,! we!562! observed!that!31!CodY?regulated!genes!were!repressed!in!strain!630∆erm!when!cysteine!563! was!added!(Table!S2),!suggesting!that!cysteine!has!an!impact!on!CodY!activity.!!564!
Involvement' of' regulators' in' the' cysteine<dependent' repression' of' toxin'565!
production'566! Toxin! expression! may! be! under! the! control! of! a! global! regulator! that! is! able! to! sense!567! cysteine!availability.!Interestingly,!we!showed!that!several!genes!encoding!regulators!are!568! regulated! in! response! to! cysteine! availability.! Indeed,! CD0278,! CD1692,! CD2023! and!569!
CD2065! were! up?! or! down?regulated! in! the! presence! of! cysteine! (Table! S2).! Using! the!570! ClosTron!system,!we!inactivated!CD0278,!CD2023!and!CD2065,!but!we!did!not!succeed!in!571! disrupting!CD1692.!Compared!to!the!wild?type!strain,!toxin?gene!expression!was!similarly!572! repressed! by! cysteine! in! the! CD0278,! CD2023! and! CD2065#mutants! (data! not! shown).!573! However,!we!cannot!exclude!the!possibility!that!a!still?unidentified!regulator! intervenes!574! in! this! control.! Alternatively,! the! effector! of! cysteine?dependent! regulation! might! be! a!575! cysteine!by?product!that!is!accumulated!during!growth!in!PYC.!To!discriminate!between!a!576! direct!effect!of!cysteine!and!an!indirect!metabolic!effect,!we!added!10!mM!cysteine!to!the!577! growth!medium!for!one!hour!at!the!onset!of!the!stationary!phase.!Surprisingly,!under!this!578! condition!limiting!the!catabolism!of!cysteine,!we!observed!that!the!transcription!of!tcdA,!579!
tcdB! and! tcdR#was# increased! (Fig.! S3),! suggesting! that! cysteine! down?regulates! toxin!580! production!through!a!product!of!cysteine!degradation!(see!below).!As!changes!in!carbon!581! source! and! amino?acid! availability!were! observed! after! the! growth! of! C.# difficile! in! the!582! presence!of!cysteine!(Fig.!S2!and!Table!4),!we!wondered!whether!toxin!synthesis!could!be!583! controlled!by!the!global!regulators!CodY!or!CcpA,!which!are!known!to!regulate!toxin?gene!584! expression! in! response! to! the! levels!of! the!BCAAs!and!PTS! sugars,! respectively! (13,!14,!585! 18).!However,!we! showed! that! toxin! synthesis! is! similarly! repressed!by! cysteine! in! the!586!
codY!or!ccpA!mutant!and!wild?type!strains!(Fig.!7A),!indicating!that!CodY!and!CcpA!do!not!587! mediate!the!control!of!toxin!synthesis!by!cysteine.!588! The! Fur! regulator! might! also! be! responsible! for! the! cysteine?dependent! regulation! of!589!
 on June 16, 2016 by INNSTITUT PASTEUR- CeRIS
http://iai.asm
.org/
Downloaded from
 
! 20!
toxin!synthesis.!Indeed,!the!expression!of!many!virulence!factors!in!pathogenic!bacteria!is!590! negatively! regulated!by!Fur! in! response! to! iron!availability! (72).!We! showed! that!TcdA!591! production!is!repressed!by!cysteine!in!a!fur!mutant!in!the!same!manner!as!the!wild?type!592! strain! (Fig.! 7B),! indicating! that! Fur! is! not! involved! in! the! down?regulation! of! toxin!593! production!in!PYC.!This!result!was!in!agreement!with!the!absence!of!the!toxin!genes!in!the!594! Fur!transcriptome,!as!recently!defined!by!Ho!et!al.!(64).!595!
The'role'of'SigL'in'the'cysteine<dependent'repression'of'toxin'production'596! In!C.#difficile#strain!VPI10463,! it!has!been!proposed!that!several!proteins! induced!under!597! toxin?producing!conditions!(PY)!might!be!controlled!by!SigL!(11).!The!sigL#gene!encodes!a!598! sigma!factor!belonging!to!the!SigL/RpoN/σ54!family,!which!is!known!to!play!an!important!599! role!in!metabolism,!adaptation!and!virulence!(73?77).!To!evaluate!the!role!of!SigL!in!the!600! cysteine?dependent! regulation!of! toxin!synthesis,!we! inactivated! the!sigL! gene! (Fig.!S1).!601! When!we!compared! the! level!of! toxin!produced!between! the! sigL!mutant!and! the!wild?602! type! strain!630∆erm! by!dot?blot! analysis,!we! first!observed! that!TcdA!was!produced!at!603! higher!levels!in!the!sigL!mutant!than!in!the!wild?type!strain!when!the!cells!were!grown!in!604! PY!medium!(Fig.!7B).!This!effect!might!be!due!to!decreased!competition!between!SigL!and!605! the! toxin?specific! sigma! factor! TcdR! for! the! core! enzyme! of! the! RNA! polymerase,! as!606! already! proposed! for! SigH! (15).! Surprisingly,! we! observed! similar! levels! of! TcdA!607! production!in!the!sigL!mutant!grown!in!PY!and!PYC!(Fig.!7B).!To!determine!whether!SigL+608! regulates!toxin!synthesis!at!the!transcriptional!level,!we!tested!the!transcription!of!tcdA,#609!
tcdB! and! tcdR! genes! in!630∆erm! and!sigL!mutant!strains!grown! in!PYC!by!qRT?PCR.!As!610! shown!in!Fig.!7C,!the!transcript!level!of!tcdA,#tcdB!and!tcdR!was!approximately!25!to!50?611! fold! higher! in! the! sigL! mutant! compared! to! the! wild?type! strain! in! the! presence! of!612! cysteine.! Moreover,! complementation! of! the! sigL! mutant! by! a! wild?type! copy! of! sigL!613! partially!restored!the!cysteine?dependent!repression!of!TcdA!production!(Fig.!7B)!and!of!614! Paloc?gene!transcription!(Fig.!7C).!These!results!indicate!that!SigL!mediates!the!cysteine?615! dependent! regulation! of! toxin?gene! expression.! However,! using! the! well?conserved!616! consensus! sequence! of! SigL?dependent! promoters! (78),! we! did! not! find! a! SigL?type'617! promoter!upstream!of! tcdA,# tcdB! and! tcdR,! suggesting! that! SigL! indirectly! regulates! the!618! PaLoc! genes,! probably! in! response! to! an! increase! in! the! by?products! of! cysteine!619! degradation.!Indeed,!using!lead?acetate!paper,!we!showed!that!the!production!of!H2S!via!620! cysteine! degradation! was! strongly! reduced! in! the! sigL! mutant! compared! to! strain!621!
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630∆erm! (Fig.!8A)!and!was!restored!by!complementation!with!pDIA6309.! Interestingly,!622! according! to! the! zymogram!profile! obtained!with! the! sigL#mutant,!we! showed! that! the!623! cysteine!desulfhydrase!activity!of!MalY!(α!band)!significantly!decreased!(Fig.!4D!lane!4).!624! In!addition,!the!expression!of!malY!was!four?fold!lower!in!a!sigL!mutant!compared!to!the!625! wild?type!strain!(data!not!shown).!This!finding!is!in!agreement!with!the!role!of!SigL!in!the!626! control!of!cysteine!degradation! in!C.#difficile.!As!pyruvate! is! the!first!product!of!cysteine!627! degradation,!we!measured!the!extracellular!concentration!of!pyruvate.!We!observed!that!628! in! strain! 630∆erm,! the! pyruvate! concentration! increased!more! than! two?fold!when!we!629! added!cysteine!to!the!medium.!However,!the!level!of!pyruvate!decreased!eight?fold!in!the!630!
sigL!mutant!compared!to!the!wild?type!strain!(Fig.!8B).!In!addition,!the!sigL!mutant!strain!631! complemented!with!the!wild?type!copy!of!sigL!had!a!extracellular!pyruvate!concentration!632! similar!to!that!in!strain!630∆erm!(Fig.!8B).!!633!
Involvement'of'pyruvate'as'a'signal'mediating'toxin<gene'repression'in'response'to'634!
cysteine'635! The!accumulation!of!H2S!or!pyruvate!resulting!from!cysteine!degradation!during!growth!636! may!be!the!signal!modulating!toxin!production.!To!test!this!hypothesis,!we!added!10!mM!637! of!either!Na2S!or!pyruvate!to!the!PY!medium!when!bacteria!reached!the!stationary!growth!638! phase! and! harvested! the! cells! after! one! hour! of! exposure.! The! addition! of! pyruvate! or!639! Na2S!decreased!the!transcription#of!tcdA,#tcdB!and!tcdR!(Fig.!9A).!Interestingly,!the!effect!640! of! pyruvate! was! not! abolished! when! we! performed! a! similar! experiment! in! the! sigL!641! mutant! (Fig.! S4).! This! finding! confirms! that! cysteine?dependent! regulation! of! toxin!642! production! is!mainly! the! consequence!of! the!products! of! cysteine!degradation.!We!also!643! tested!the!effect!of!the!pyruvate!by?products!such!as!formate!and!acetate!on!Paloc?gene!644! transcription.!The!addition!of!10!mM!formate!or!acetate!to!the!growing!cell!for!one!hour!645! did!not!affect!the!transcription!of!tcdA,#tcdB!and!tcdR!(Fig.!9B).!Thus,!we!concluded!that!646! pyruvate! and! probably! sulfide! are!metabolic! signals! mediating! the! cysteine?dependent!647! repression! of! toxin! production.'As! the! down?regulation! of! toxin?gene! expression! in! the!648! presence! of! cysteine! (Fig.! 2C)! is! more! prominent! than! in! the! presence! of! pyruvate! or!649! sulfide!alone!(Fig.!9A),!it!is!possible!that!the!cysteine!by?products!could!have!a!combined!650! effect!on!toxin!production.'651!
Identification'of'a'TCS'regulating'toxin<gene'expression'in'response'to'pyruvate'652!
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Pyruvate! is! a! central! metabolite! of! bacteria,! and! its! cellular! concentration! is! tightly!653! controlled.! In! a! broad! range! of! bacteria,! including# E.# coli# and# Bacillus# licheniformis,!654! pyruvate!is!excreted!into!the!medium!at!the!end!of!the!exponential!growth!phase!under!655! the! conditions! of! overflow! metabolism.! This! compound! is! further! taken! up! and!656! metabolized!(79,!80).!In!E.#coli,#the!two?component!system!(TCS)!YpdA/YpdB,!wich!is!also!657! present! in! B.# licheniformis# (81),! reacts! predominantly! to! the! presence! of! exogenous!658! pyruvate! and! induces! the! expression!of!yhjX,#which!encodes! a! transporter!of! the!major!659! facilitator! superfamily! (79).! The! YpdA/YpdB! system! probably! contributes! to! nutrient!660! scavenging!before!entry!into!stationary!phase.!In!the!genome!of!all!of!the!C.#difficile#strains!661! sequenced,! we! found! a! TCS! (CD2602/CD2601)! that! is! highly! similar! to! YpdA/YpdB.!662! Importantly,! the! transmembrane?receptor! domain! of! CD2602! shares! 53%! identity! and!663! 79%! similarity!with! that! of! the! histidine! kinase! YpdA,! suggesting! a! common! signal! for!664! these! kinases.! To! determine! whether! CD2602?CD2601! is! involved! in! the! regulation! of!665! toxin?gene!expression!in!response!to!the!level!of!exogenous!pyruvate,!we!inactivated!the!666!
CD2602!gene!in!strain!630∆erm#(Fig.!S1).!Then,!we!tested!the!effect!of!pyruvate!on!tcdA,#667!
tcdB! and! tcdR! transcription! in! the!CD2602!mutant.!The! temporary!addition!of!pyruvate!668! during! the! growth! of! the! CD2602! mutant! had! a! less! pronounced! effect! on! toxin?gene!669! transcription! than! it! had! in! the!wild?type! strain! (Fig.! 9C).! This! result! suggests! that! the!670! transcriptional!regulation!of!tcdA,#tcdB!and!tcdR!in!response!to!pyruvate!availability!is,!at!671! least!in!part,!mediated!by!the!TCS!CD2602?CD2601.!#672!
Conclusion'673! Addition!of!cysteine!to!PY!medium!leads!to!dramatic!changes!in!the!pattern!of!expression!674! of!C.# difficile! genes! involved! in! several!processes,! including! sulfur! and! iron!metabolism,!675! fermentation! and! the! stress! response.!These! effects! on! gene! transcription! are!probably!676! related!to!modifications!of!the!metabolite!pools,!as!we!showed!for!the!repression!of!toxin!677! production!by!metabolic!changes!due!to!cysteine!degradation!and!transcriptional!control!678! by! cysteine! through! a! still?uncharacterized! regulator.! We! identified! SigL! as! a! major!679! regulator!of!cysteine?dependent!repression!of!C.#difficile#toxin!production.!We!found!that!680! the! level! of! H2S! and! pyruvate! resulting! from! cysteine! degradation! by! cysteine!681! desulfhydrases! (32)! was! decreased! in! a! sigL#mutant,! which! no! longer! repressed! toxin!682! genes! in! the! presence! of! cysteine.! A! similar! regulation! of! toxin! production! through! the!683! metabolic!conversion!of!cysteine!to!sulfate!and!pyruvate!has!been!observed!in!B.#pertussis!684!
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(21).!SigL!also!seems!to!play!an!important!role!in!the!control!of!pyruvate!metabolism!in!L.#685!
monocytogenes!(82),!as!observed!in!C.#difficile!with!a!drop!in!the!pyruvate!concentration!686! in! the! sigL# mutant.! Among! the! cysteine! by?products! produced! in! C.# difficle,! we!687! demonstrated!that!the!addition!of!pyruvate!or!H2S!to!PY!is!sufficient!to!repress!toxin?gene!688! expression,! suggesting! that! pyruvate! and! H2S,! rather! than! cysteine,! must! be!metabolic!689! signals! regulating! toxin! production.! Interestingly,! when! strain! 630∆erm! grows! in! the!690! presence!of!cysteine,!genes!involved!in!the!synthesis!of!pyruvate!from!glucose!or!cysteine!691! are!up?regulated,!while!genes!required!for!pyruvate!dissimilation!leading!to!butyrate!(buk#692! operon)! and! lactate! (ldh)! production! or! involved! in! the! biosynthesis! of! amino! acids! or!693! fatty!acids!from!pyruvate!and!acetyl?CoA,!respectively,!are!down?regulated!(Fig.!6).!This!694! change!leads!to!the!accumulation!of!pyruvate!in!the!extracellular!medium!(Fig7B),!where!695! it! is!probably! sensed!by! the!membrane?associated!kinase!CD2602.!Thus,! in! response! to!696! pyruvate,!the!response!regulator!CD2601!might!negatively!control!toxin?gene!expression,!697! either!directly!or! indirectly.!Conversely,!butyrate,!which! is!known!to!positively!regulate!698! toxin!expression!(12),!is!found!at!a!lower!concentration!in!the!extracellular!medium!(Fig.!699! S2),! which! no! longer! stimulates! toxin! synthesis.! Recently,! it! has! been! shown! that! C.#700!
difficile!can!grow!in!all!parts!of!the!intestinal!tract!of!a!mouse!model,!while!toxins!are!only!701! produced!in!the!caecum!and!colon!(83).!Thus,!according!to!the!metabolites!present!in!the!702! small!intestine!and!in!the!colon,!toxin!genes!might!be!differentially!expressed!in!the!gut.!703! Accordingly,! formate! and! acetate! (directly! obtained! from!pyruvate)! predominate! in! the!704! small! intestine,!while!the!levels!of!propionate!and!butyrate!are!higher!in!the!colon!(84).!705! Such!a!control!has!been!described!in!Salmonella#typhimurium;!formate!acts!as!a!diffusible!706! signal! to! induce! the! expression! of! invasion! genes! in! the! small! intestine,! the! site! that! is!707! preferentially! colonized! by! this! enteropathogen,! while! butyrate! is! present! at! higher!708! concentration! in! the! colon!and! repress! these!genes! (85,!86).! It! is! tempting! to! speculate!709! that!the!high!level!of!pyruvate!in!the!small!intestine!represses!the!expression!of!C.#difficile!710! toxin!genes,!while!butyrate!mainly!present! in!the!colon!induces!toxin!synthesis.!Further!711! biochemical!studies!will!be!necessary!to!characterize!the!signal?transduction!pathway!of!712! the!CD2602?CD2601!TCS.!Thus,! the!ability!of!C.#difficile! to!monitor!the!pyruvate! level! to!713! adapt!its!physiology,!metabolism!and!virulence!might!be!crucial!to!the!success!of!a!CDI.!714!
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Tables'and'figures'995!
'996!
Figure'1.'Schematic'overview'of'sulfur'metabolism'in'bacteria'997! APS,! adenylyl! sulfate;! OAS,# O?acetylserine;! OAH,# O?acetylhomoserine;! SAM,! S?adenosyl?998! methionine.!'999! !1000!
Figure'2.!Effect'of'cysteine'on'toxin'production'in'different'C.+difficile+strains!1001! A)! Cytotoxicity! assays! on! Vero! cells.! Two?fold! serial! dilutions! of! intracellular! bacterial!1002! crude! extracts! were! performed,! and! the! dilutions! were! added! to! a! 96?well! plate! of!1003! confluent!Vero!cells.!The!toxin!titer!corresponds!to!the!lowest!dilution!of!C.#difficile!crude!1004! extracts!required!for!>!50!%!cell!rounding.!Cytotoxicity!results!are!presented!as!the!ratio!1005! of! the! toxin! titers!of!bacterial! cells! grown! in! the!presence!of! cysteine! (PYC)! to! those!of!1006! bacterial!cells!grown!in!the!absence!of!cysteine!(PY).!B)!TcdA!dot?blot!analysis.!The!crude!1007! extracts! of! C.# difficile# strains# (200! ng! for! strains! 630∆erm,! M7404! and! M7404!1008! complemented!with!pDLL17?tcdC!and!20!ng!for!strain!VPI10463)!were!probed!with!anti?1009! TcdA!antibodies!as!described!in!the!materials!and!methods!section.!The!results!presented!1010! are!representative!of!crude!extracts!tested!from!at!least!three!independent!experiments.!1011! C)!Transcript!levels!of!tcdR,!tcdA!and!tcdB!genes!in!strain!630∆erm!grown!in!the!presence!1012! or!absence!of! cysteine.! .! results!are!presented!as! the! ratio!of! the!mRNA! level! (arbitrary!1013! units)!of! each!gene! in!bacterial! cells! grown! in! the!presence!of! cysteine! (PYC)! to! that!of!1014! each!gene!in!cells!grown!in!the!absence!(PY)!of!cysteine.!The!results!are!the!averages!of!at!1015! least! three! independent! experiments! (error! bars! are! the! standard! deviations! from! the!1016! mean! values).! The! statistical! analysis!was!performed!by!using! a! t?test! (tcdA,! tcdR)! or! a!1017! Mann?Whitney!test!(tcdB).!1018! !1019!
Figure'3.'Reconstruction'of'sulfur'metabolism'in'C.+difficile''1020! Genes!of!strain!630∆erm!are!renamed!on!the!basis!of!B.#subtilis!orthologs.!cysE:#serine!O?1021! acetyltransferase! (CD1595);! cysK:! OAS?thiol?lyase! (CD1594);! asrABC:! anaerobic! sulfite!1022! reductase! (CD2231?2233);! ssuCBA1:! ABC?transport! system! sulfonates! (CD1482?1484);!1023!
ssuCBA2:! ABC?transport! system! sulfonates! (CD2989?2991);! metA:! homoserine! acetyl?1024! transferase! (CD1826);! metY:! OAH! thiol?lyase! (CD1825);! malY:! cystathionine! β?lyase!1025! (CD3029);! metH:! cobalamin?dependent! methionine! synthase! (CD3596);# metK:! SAM!1026! synthetase! (CD0130);! mtnN:! adenosylhomocysteine! nucleosidase! (CD2611);! luxS:! S?1027! ribosylhomocysteine!lyase!(CD3598);!mdeA:#methionine!γ?lyase!(CD3577),!metNIQ1:!ABC?1028!
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transport!system!methionine!(CD1489?1491);!pepT,!peptidase!T!(CD1046);!#pepA,#leucine!1029! aminopeptidase! (CD1300);! AI?2,! autoinducer! 2;! OAS;! O?acetylserine;! OAH,! O?1030! acetylhomoserine! SAM,! S?adenosyl?methionine;! SAH,! S?adenosyl?homocysteine;! SRH,! S?1031! ribosyl?homocysteine.! Ext! means! “external”.! As! indicated,! an! S?box! motif! is! located!1032! upstream! of! the!metYUmetA! and!metNIQ1# operons! and! of! the!metQ2# and!metK# genes,!1033! suggesting! that! they! are! controlled! by! a! SAM?dependent! riboswitch! (55).! A! Tbox! is!1034! present!upstream!of!hom?CD1580.!1035! !1036!
Figure'4.!Hydrogen'sulfide'production'in'strain'630∆erm.!1037! A)!Detection!of!H2S!production!using!lead?acetate!paper.!H2S!production!was!evaluated!in!1038! PY,!PY!plus! cysteine! (PYC)!and!PY!plus!homocysteine! (PYHC)!media.!The!production!of!1039! H2S!yielded!a!black!color!due!to!the!formation!of!PbS.!B)!Detection!of!the!homocysteine!g?1040! lyase!activity!on!a!zymogram.!Crude!extracts!of!strain!630∆erm!grown!in!PY,!PYC!or!PYHC!1041! were! loaded! on! a! native! polyacrylamide! gel! (12! %)! and! incubated! with! 10! mM!1042! homocysteine.!Homocysteine!γ?lyase!was!detected!by!the!formation!of! insoluble!PbS!via!1043! the!release!of!H2S.!Lanes!of!the!zymogram!have!been!reorganized!from!the!same!image!to!1044! present!data!chronologically.!C)!Quantitative!detection!of!H2S!after!6!h!or!10!h!of!growth!1045! of! strain! 630∆erm! in! PY! (white! boxes)! or! PYC! (black! boxes).! H2S! production! was!1046! measured! using! the! quantitative!methylene! blue!method,! as! described! in! the!materials!1047! and!methods!section.!The!statistical!analysis!was!performed!by!using!Mann?Whitney!test!1048! for! all! genes.! D)! Detection! of! cysteine! desulfhydrase! activities! on! a! zymogram.! Crude!1049! extracts! of! strain! 630∆erm! (lane! 1! and! lane! 2),! 630∆erm::cysK! (lane! 3),! 630∆erm::sigL!1050! (lane!4),! 630∆erm#+#pRPF185! (lane!5)! and!630∆erm! +! pDIA6456?ASmalY! (lane!6).! The!1051! strains!were#grown!in!PY!(lane!1)!or!PYC!(lane!2!to!6).!Samples!were!charged!on!a!native!1052! polyacrylamide! gel! (12! %)! and! incubated! with! 10! mM! cysteine.! The! cysteine!1053! desulfhydrases!were!detected!by!the!formation!of!insoluble!PbS!formed!by!the!release!of!1054! H2S.!The!results!presented!are!representative!of!at!least!three!independent!experiments.!1055! Lanes! of! the! zymogram! have! been! reorganized! from! the! same! image! to! present! data!1056! chronologically!1057! !1058!
Figure'5.!Analysis'of'Fur<regulated'genes'induced'in'the'presence'of'cysteine!1059! A)!Consensus!sequence!of!the!Fur!box!motif!of!C.#difficile.!The!sequence!logo!was!created!1060! by!the!alignment!of!putative!Fur?regulated!genes!induced!in!the!presence!of!cysteine!on!1061!
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the! Weblogo! website! (http://weblogo.berkeley.edu).! The! height! of! the! nucleotides! is!1062! proportional! to! their! frequencyB)! Effect! of! cysteine! on! the! transcript! level! of! fur#1063! (CD1287),! feoB1#(CD1479),!cysK#(CD1594),! fhuD#(CD2878)!and!CD2992! in!630∆erm!and!1064! the! 630∆erm::fur.! The! 630∆erm! (white! boxes)! and! 630∆erm::fur! (black! boxes)! strains!1065! were! grown! for! 10! h! in! PY! or! PYC.! qRT?PCR! results! are! presented! as! the! ratio! of! the!1066! amount!of!mRNA!(arbitrary!units)!of!each!gene!in!bacterial!cells!grown!in!PYC!to!that!of!1067! each!mRNA! in! the! bacterial! cells! grown! in! PY.! Data! are! the! averages! of! at! least! three!1068! independent!experiments!(error!bars!are!the!standard!deviations!from!the!mean!values).!1069! C)!Aspect!of! the!bacterial!pellet!of! strain!630∆erm! grown! for!10!h! in!PY!or! in!PYC.!The!1070! black!precipitate!is!due!to!FeS!precipitation.!!1071! !1072!
Figure' 6.! Overview' of' C.+ difficile' genes' involved' in' carbon' and' amino' acid'1073!
metabolism'that'are'differentially'expressed'in'the'presence'of'cysteine.!Genes!that!1074! are!up?!and!down?regulated!in!the!presence!of!cysteine!in!the!transcriptome!analysis!are!1075! indicated! in! red! and! green,! respectively.! “*”!means! that! the! differential! transcript! level!1076! was! detected! by! qRT?PCR.! A)! Carbon! metabolism! and! fermentation! pathways.!1077! Assignments! of! genes! regulated! by! cysteine! availability! are! as! follows:! tpi,!1078! triosephosphate! isomerase;! gapA/gapN,! glyceraldehyde?3?phosphate! dehydrogenase;!1079!
pgk,! phosphoglycerate! kinase;! pgm,! 2,3?bisphosphoglycerate?mutase;! celABC,! PTS!1080! cellobiose;! celF,! cellobiose?6?P! hydrolase;! ldh,! lactate! dehydrogenase;! adhE,! aldehyde?1081! alcohol! dehydrogenase;! pflB! and! pflD,! pyruvate! formate! lyase;! pflE! and! pflA,! pyruvate!1082! formate! lyase! activating! enzyme;! thiA1,! acetyl?CoA! acetyltransferase;!bcd2,! butyryl?CoA!1083! dehydrogenase;!hbD2,!3?hydroxybutyryl?CoA!dehydrogenase;!crt2,!3?hydroxybutyryl?CoA!1084! dehydratase;! buk,! butyrate! kinase;! malY,! cysteine! desulfhydrase;# ilvD,! dihydroxy?acid!1085! dehydratase;! leuA,! 2?isopropylmalate! synthase;! leuB,! 3?isopropylmalate! dehydrogenase;!1086!
leuC,!3?isopropylmalate!dehydratase! large!subunit;! leuD,!3?isopropylmalate!dehydratase!1087! small! subunit;# brnQ1,# BCAA! transporter.! B)! Stickland! reactions! and! associated!1088! metabolism.! Assignments! of! genes! regulated! in! response! to! cysteine! availability! are! as!1089! follows:! grdDCBAEX,! glycine! reductase! complex;! prdEDBA,! proline! reductase;! prdF,!1090! proline! racemase;# CD2347,# putative! Xaa?Pro! dipeptidase;! proC,! pyrroline?5?carboxylate!1091! reductase,! gcvPB,! glycine! decarboxylase;! gcvTPA,! bi?functional! glycine!1092! dehydrogenase/aminomethyl!transferase!protein.'1093! !1094!
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Figure'7.'Role'of!Fur,'CcpA,'CodY'and'SigL'in'the'cysteine<dependent'repression'of'1095!
toxin' production.! Strains! JIR8094,! JIR8094::codY! and! JIR8094::ccpA# (A)! and! strains!1096! 630∆erm,! 630∆erm::fur,! 630∆erm::sigL! and! 630∆erm::sigL! +! pDIA6309?sigL# (B)! were!1097! grown!for!10!h!in!PY!or!PYC.!TcdA!production!was!estimated!from!crude!extracts!by!dot?1098! blot!analysis!using!an!anti?TcdA!antibody.!The!results!are!representative!of!at!least!three!1099! independent!experiments.!C)!Effect!of!cysteine!on!tcdA,!tcdB!and!tcdR!transcript!levels!in!1100! 630∆erm::sigL!(white!boxes)!or!630∆erm::sigL!complemented!with!pDIA6309?sigL!(black!1101! boxes)!versus!the!wild?type!strain!630∆erm.!All#strains!were!grown!for!10!h!in!PYC.!qRT?1102! PCR!results!are!presented!as!the!ratio!between!the!amount!of!the!mRNA!(arbitrary!units)!1103! of!each!gene!normalized!by!the!DNA!polIII!gene!in!both!630∆erm::sigL!and!630∆erm::sigL!1104! complemented!with!pDIA6309?sigL!compared!to!the!mRNA!level!in!the!wild?type!strain.!1105! Data! are! the! averages! of! at! least! three! independent! experiments! (error! bars! are! the!1106! standard! deviations! from! the! mean! values).! The! statistical! analysis! was! performed! by!1107! using!a!t?test!for!all!genes!with!an!exception!for!tcdB#(Mann?Whitney!test).!1108! !1109!
Figure' 8.' Effect' of' sigL' inactivation' on' cysteine' degradation' and' pyruvate'1110!
production'1111! A)! Detection! of! H2S! production! in! the! 630∆erm,# 630∆erm::sigL! and! 630∆erm::sigL! +!1112! pDIA6309?sigL! strains! grown! in! PYC! by! using! lead?acetate! papers.! B)! Quantitative!1113! detection! of! pyruvate! in! the! supernatant! of! strains! 630∆erm,# 630∆erm::sigL! and!1114! 630∆erm::sigL! +!pDIA6309?sigL! after!10!h!of!growth! in!PY! (white!boxes)!or!PYC! (black!1115! boxes).!The!statistical!analysis!was!performed!by!using!Mann?Whitney!test!for!all!genes,!1116! ns:!non!significant.!1117! !1118!
Figure'9.'Effect'of'pyruvate'and'Na2S'on'toxin<gene'expression'1119! A)!Transcript!levels!of!tcdA,!tcdB!and!tcdR!genes!in!strain!630∆erm!after!1!h!of!exposure!1120! to!pyruvate!(white!boxes)!or!Na2S!(black!boxes).!The!strain!was!grown!in!PY!for!9!h,!and!1121! 10!mM!pyruvate!or!10!mM!Na2S!was!then!added!to!the!medium.!Cells!were!centrifuged!1!1122! h! later.! The! statistical! analysis! was! performed! by! using! a! t?test! for! all! genes,! with! an!1123! exception!for!tcdB+Na2S!(Mann?Whitney!test).!B)!Transcript! levels!of! the!tcdA,!tcdB!and!1124!
tcdR! genes!of!strain!630∆erm! after!1!h!of!exposure! to! formate!(white!boxes)!or!acetate!1125! (black!boxes).!The!strain!was!grown!in!PY!for!9!h!and!10!mM!formate!or!10!mM!acetate!1126! was! then! added! to! the! medium! and! cells! were! centrifuged! 1! h! later.! The! statistical!1127!
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analysis!was!performed!by!using!a!t?test!for!all!genes,!with!an!exception!for!tcdB+acetate!1128! (Mann?Whitney! test).! C)! Transcript! levels! of! the! tcdA,! tcdB! and! tcdR! genes! of! strain!1129! 630∆erm! (white!boxes)!and!630∆erm::CD2602! (black!boxes)!after!exposure! to!pyruvate!1130! for!1!h,!as!described!in!panel!A.!qRT?PCR!results!are!presented!as!the!ratio!between!the!1131! amount!of!mRNA!(arbitrary!units)!of!each!gene!normalized!by!the!DNA!polIII!gene!from!1132! bacterial! cells! grown! in! PY! supplemented!with! one! of! the! compounds! (pyruvate,! Na2S,!1133! formate!or!acetate)!compared!to!the!amount!of!mRNA!in!the!untreated!cells.!Data!are!the!1134! averages! of! at! least! three! independent! experiments! (error! bars! are! the! standard!1135! deviations!from!the!mean!values).!The!statistical!analysis!was!performed!by!using!a!t?test!1136! for!all!genes,!with!an!exception!for!tcdR+pyruvate!(Mann?Whitney!test).!1137!
'1138!
Table'1.!Strains!and!plasmids!used!in!this!study.!1139! !1140!
strains background knockout or 
overexpressed gene  
plasmid origin 
630∆erm    87 
M7404 BI/NAP1/027    2 
M7404 (tcdC+) BI/NAP1/027   pDLL17 (tcdC+) 2 
VPI10463    Virginia Polytechnic 
Institute 
CDIP001 630∆erm CD1287 (fur)::erm  This study 
CDIP106 630∆erm CD0278::erm  This study 
CDIP107 630∆erm CD2023::erm  This study 
CDIP110 630∆erm CD2065::erm  This study 
CDIP217 630∆erm CD3176 (sigL)::erm  This study 
CDIP342 630∆erm CD3176 (sigL)::erm  pDIA6309 This study 
CDIP540 630∆erm CD1594 (cysK)::erm  This study 
CDIP656 630∆erm   pDIA6456 This study 
CDIP657 630∆erm CD2602::erm  This study 
JIR8094    88 
CDIP100 JIR8094 CD1064 (ccpA)::erm  13 
LB-CD15 JIR8094 CD1275 (codY)::erm pBL92 Bouillaut et al., in 
prep 
plasmids vector cloned  gene resistance origin 
pDIA5906 pMTL007 Intron CD1287 (fur) Cm, Tm This study 
pDIA6309 pMTL84121 CD3176 (sigL) Cm, Tm This study 
pDIA6450 pMTL007 Intron CD0278 
Cm, Tm 
This study 
pDIA6451 pMTL007 Intron CD2065 Cm, Tm This study 
pDIA6452 pMTL007 Intron CD2023 Cm, Tm This study 
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pDIA6453 pMTL007 Intron CD3176 Cm, Tm This study 
pDIA6454 pMTL007 Intron CD2602 Cm, Tm This study 
pDIA6455 pMTL007 Intron CD1594 (cysK) Cm, Tm This study 
pDIA6456 pRPF185 AS CD3029 (malY) Cm, Tm This study 
Cm!:!chloramphenicol;!Tm#:!thiamphenicol;!Erm!:!Erythromycin;!AS!:!Antisens!1141!
'1142!
Table 2. Growth of C. difficile strain 630∆erm in minimal medium containing different sulfur 1143!
sources. 1144!
 1145!
Sulfur source  Growth 
16 h 48 h 
Sulfate (4 mM) - - 
Sulfite (4 mM) - - 
Sulfide (4 mM) + + 
Thiosulfate (4 mM) - + 
Cysteine (4 mM) + + 
Cystine (2 mM) - + 
Glutathione (2 mM) + + 
Cystathionine (2 mM) - + 
Homocysteine (2 mM) + + 
Methionine (1.5 mM) - - 
+ indicates a growth and – an absence of growth  1146!
 1147!
Table 3. List!of!the!Fur?regulon!genes!that!are!differentially!expressed!in!PY!and!PYC!with!1148! a!putative!Fur!box!in!their!promoter!region.!!1149! !1150!
Gene  function 
Ratio 
PYC/PY Fur box 
CD1287 fur Ferric uptake regulation protein 3.3 - 38 
CD1477 feoA Ferrous iron transport protein A 64.1  CD1478 feoA1 Ferrous iron transport protein A1 107.0  
CD1479 feoB1 Ferrous iron transport protein B1 127.1 - 60 
CD1480   putative exported protein 162.6   
CD1745A feoA Ferrous iron transport protein A 16.7 - 30 
CD3273 feoA3 Ferrous iron transport protein A 13.4 - 30 
FCD3274 feoB3 Ferrous iron transport protein B 12.1   
CD2878 fhuD ABC transporter, ferrichrome substrate-binding protein; N/A - 47 
CD2875 fhuC Ferrichrome ABC transporter 3.0  CD1594 cysK O-acetyl-serine sulfhydrylase 43.0 - 162 
CD1595 cysE Serine acetyltransferase 44.0  CD1999 fldX Flavodoxin 28.5 - 158 
CD1777  Putative arsenate reductase 3.3 - 80 CD1485   Conserved hypothetical protein 6.9 - 34 
CD2499  Conserved hypothetical protein 15.4 - 34 CD2881   Conserved hypothetical protein 2.6 - 58 
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CD2992 
CD2991 
CD2989 
  
Conserved hypothetical protein,  
ABC transporter, sulfonate-permease 
ABC transporter, sulfonate-extracellular 
solute-binding protein 
2.5 
3.5 
4.8 
- 36 
!1151! The! position! of! the! Fur! box! is! indicated! according! to! the! translational! start! site! of! the!1152! corresponding!gene.!N/A!means!“not!detected!in!transcriptome”. 1153!
 1154!
 1155!
Table 4. Effect of cysteine addition on the intracellular concentration of amino acids in strain 1156!
630∆erm. 1157!
 1158!
Amino-acids  PY  (μmol/L) PYC (μmol/L) Ratio PYC/PY 
Up in the presence of 
cysteine    
Leucine ND 16.25 +/- 1.6 + 
Tyrosine ND 20 + /- 1.2 + 
Alanine 13.5 +/- 0.7 748 +/- 40 55 
Valine 5.3 +/- 0.5 56.8 +/- 1.3 10 
Phenylalanine 2.6 +/- 0.5 25.75 +/- 5 10 
Glutamic acid 19.3 + /- 2 121.9 +/- 9.5 6.5 
Aminobutyric acid 8.5 +/- 0.5 46.35 +/- 0.8 5.5 
Threonine 1.1 +/- 0.1 2.4 +/- 0.4 2.2 
Serine 4 +/-0 9.85 +/- 0.15 2.5 
Asparagine 29.7 +/-2.6 59.7 +/-1.6 2 
Methionine 4.85 +/- 0.35 11.65 +/- 1.65 2.5 
Down in the presence of  
cysteine    
Cystathionine 1.2 +/- 0.2 ND - 
Glutamine 11.8 +/- 0.4 6 +/-0.1 0.5 
Hydroxyproline 23.3 +/- 1.5 13.9 +/-0.5 0.6 
ND means not detectable 1159!
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